I N T R O D U C T I O N
The chaetognaths have captured the attention of many scientists, essentially for their impressive abundances, which have been estimated to reach up to 30% of the wet weight biomass of copepods in the global oceans (Reeve, 1970) . Copepods form the basis of chaetognath diets, so predation impact, and the role of these predators on the population dynamics of copepods can be very significant (Feigenbaum, 1979; Øresland, 1990 , 1995 .
The ecological role of chaetognaths has been studied in many places, including sub-Antarctic areas (Øresland, 1995; , the Arctic Sea (Falkenhaug, 1991) , the Indian Ocean (Øresland, 2000) , the north and south Atlantic Ocean (Feigenbaum, 1979; Reeve, 1980; Canino and Grant, 1985; Duró and Gili, 1996; Marazzo et al., 1997) , the Mediterranean Sea (Pearre, 1974; Duró and Saiz, 2000) , and the Pacific Ocean (Nagasawa, 1984) . Few studies have been published regarding this important component of the zooplankton off Chile. distribution patterns of several species, depending on their ability to enter low oxygen waters (Escribano et al., 2000) . The objective of this study was to evaluate the effect of low oxygen concentrations on the distribution and abundance of pelagic chaetognaths, and assess the potential predatory impact of the species Sagitta enflata on the copepod community of the northern Humboldt Current System (Mejillones) during three different seasons.
M E T H O D Field sampling
All zooplankton samples were collected at station A in the Bay of Mejillones (Chile; 23 00 0 15 00 S, 70 26 0 43 00 W) (Figure 1 ). The sampling station was located $8 nautical miles from the coast, on the continental shelf, with a bottom depth $130 m. Samples were collected on 17 and 22-23 October 2000, 7-8 and 11-12 February 2001 , and 2-3 and 6-7 August 2001 (daytime versus night-time) with a WP-2 net [0.25 m 2 opening and mesh size of 200 mm ( UNESCO, 1968) ]. Sampling consisted of vertical tows made every 4 h at three different strata: 0-25, 25-50 and 50-100 m. A TSK flowmeter was mounted between the middle and the ring of the net opening to quantify the volume of water filtered by the net. A second net of 135 mm mesh size was used to estimate the abundance of small copepods (<1500 mm prosome length), since the WP-2 net may underestimate the abundance of these copepods (Gallienne and Robins, 2001 ). Immediately following collection all animals were fixed in 5% sodium tetraborate buffered formaldehyde-sea water to avoid regurgitation and cod-end feeding due to sampling and preservation (Baier and Purcell, 1997) . Profiles of temperature and oxygen from selected depths, were recorded twice per sampling day, using a CTD (SeaBird SBE-19) equipped with a YSI calibrated Beckman oxygen sensor.
For experiments, live chaetognaths and copepods specimens were collected during winter, at station 'A', using a WP-2 net, with a non-filtering cod-end of $25 L. This codend decreased the damage of the individuals during sampling (Feigenbaum and Maris, 1984) . The net was towed vertically from 30 m depth, at 0.3 ms
À1
. This procedure was repeated four times to obtain sufficient animals for the experiments. Immediately following collection, the codend contents were transferred into individual containers to maintain the animals in good conditions for transport to the laboratory (approximately 20 min).
Laboratory methods
In the laboratory, single individuals of the species S. enflata, measuring 12.6 AE 1.7 mm (mean AE SD) in length, were sorted using a wide bore pipette. These specimens were placed individually in 600 mL bottles containing 50 mm of filtered seawater and maintained for at least 24 h in thermoregulated baths at the temperature at which they were collected (17 C). Surviving chaetognaths (nine experiments) were fed with live copepods ad libitum. Copepods were selected to be small enough to pass through a 1000 mm mesh sieve, but large enough to be retained in a 250 mm sieve. Using these sieves we obtained small sized copepods for the experiments (Kimmerer, 1984; Øresland, 2000) , while removing large, chain-forming diatoms, which decrease transparency in the bottles, due to their great abundance. The 600 mL bottles containing S. enflata with copepod prey were observed every 15 min to determine Digestion Time (DT). Due to the transparency of the individuals, the passage of the food through the gut could be easily followed just by looking at the animals within the bottles. Digestion time was measured from the moment in which food was ingested, until defecation occurred.
Feeding experiments were carried out under conditions of 12 h low light and 12 h darkness to reproduce the natural environment, and to avoid individual stress. After 24 h, the animals, faecal pellets, and remaining food were preserved in 5% formaldehyde-sea water buffered with sodium tetraborate. Following fixation we determined the size of S. enflata in each bottle, and the number of remaining copepods.
Sample analysis
All chaetognaths were identified to the species level, using the taxonomic literature (Fagetti, 1958; Alvariño, 1963; Casanova, 1999) . We measured the length of each individual to the nearest 0.1 mm. Measurements were made from the anterior tip of the head to the end of the tail, excluding the tail fin. To account for possible codend feeding, all prey found in the foregut (upper quarter of the gut) were recorded, but omitted from the gut content analysis (Feigenbaum and Maris, 1984) .
To recognize the partly digested gut contents of the chaetognaths, we created an identification guide for the most common copepods (<1.5 mm prosome length), based on their mandible morphology. Prosome length (PL), was measured for individuals of each sex, for the most abundant copepod stages of the dominant species. For these measurements we dissected the mandibles of calanoid copepods: Acartia tonsa, Paracalanus parvus, Centropages brachiatus and cyclopoid copepods: Oithona sp, Oncaea sp. and Corycaeus sp. Dissections were performed using tungsten needles (0.1, 0.2 and 0.3 mm in diameter), with polyvinyllactophenol as the dissecting fluid (Øresland, 1987) . Mandibles were dissected, measured and photographed under an inverted microscope, using up to 400Â magnification. For the identification of S. enflata prey items, guts were opened under a stereomicroscope, using up to 25Â magnification. The gut contents were removed, disseminated on a glass slide, and identified and measured using an inverted microscope, with up to 400Â magnification.
In order to estimate the relation between sizes of the predator and ingested prey, both parameters were plotted against each other. An analysis of covariance (ANCOVA) using S. enflata length as the covariate was used to test the effects of the prey length ingested on the different seasons. The parallelism assumption (i.e. interaction with the covariate) was checked using an ANCOVA homogeneity of slopes model (Statistica 6.0) and no significant differences were found in any cases.
To estimate S. enflata feeding rates we used the formula proposed by Bajkov (Bajkov, 1935) :
where FR = daily feeding rate (mean number of prey taken per 24 h), DT = digestion time (h) and NPC = mean number of prey ingested per chaetognath. We estimated the in situ abundance of copepods in each sample. In cases where samples were highly concentrated, we took sub-samples, using a Folsom plankton splitter. The fraction analyzed ranged from 1/32 to 1/128 of the total sample, depending on the abundance of zooplankton in each sample. Subsamples always included at least 200 individuals. For less concentrated samples the entire sample was analyzed.
The Ivlev selectivity index (Ivlev, 1961) was used to determine the selectivity pattern of S. enflata in the copepod community:
where E i is the Ivlev selectivity index, r i is the relative abundance of prey in the diet of S. enflata and P i is the relative ambient abundance of the prey. Observed values ranged from À1 to 1, where À1 indicates prey avoidance, 0 indicates that a prey species is being ingested at the same proportion as it is found in the environment, and 1 indicates a preference for a determined prey. Chaetognath biomass was calculated according to the formulae proposed by Szyper (Szyper, 1978) , for S. enflata, and by Reeve and Baker (Reeve and Baker, 1975) , for S. hispida. The latter was also used to estimate the carbon content of S. bierii, since both S. hispida and S. bierii are classified as rigid species, and likely have the same proportion of carbon content.
where W c = carbon weight (mg) and L = total length, excluding the tail fin (mm).
R E S U L T S Hydrography
The Oxygen Minimum Zone (OMZ, <1 mL O 2 L À1 ), which is associated with the ESSW, was found near 40 m depth in austral spring and summer. In winter, however, as a consequence of high southerly wind stress, the upwelling conditions intensified, and the OMZ was found at 10 m depth ( Figure 2 ). In spring, the thermocline was located at $23 m depth, and did not change between day and night (Figure 3 ). In summer, we observed a rising of the thermocline between the first and the second sampling dates (Figure 3 ). Due to the extreme upwelling conditions in winter, Subtropical Water (which is normally found at the surface) disappeared, and was replaced by the ESSW, characterized by low temperatures. This condition prevents the formation of a marked thermocline, due to the constant entrance of cold water to the surface (Figure 3 ).
Abundance and distribution of chaetognaths
Sagitta enflata and S. bierii were the most abundant chaetognath species, together attaining 99% of total chaetognath abundance in all samples. Only a few other species, namely Krohnitta subtilis, S. minima and S. pacifica, were caught, but they never contributed to more than 0.5% of total abundance. S. enflata was the most common species in spring 2000 (82%) and summer 2001 (62%), but declined in winter 2001, where the most abundant species was S. bierii (57%) ( Table I) .
We observed seasonality in chaetognath abundances, with high numbers in spring and summer, and a decrease in winter (Table II) . At all seasons the majority of S. enflata high abundances were found above the OMZ (Table II) . In contrast, S. bierii showed a relatively high abundance in deeper layers, with lower oxygen concentrations ( Figure 2 ).
We did not observe differences in the vertical distribution of size classes of any species, over all seasons (t-test, P < 0.001 in all cases). Furthermore, we did not find any relationship between the time of the day or night and chaetognath abundance within the different depth strata, showing no evidence of vertical migration ( Figure 2 ).
Abundance and distribution of copepods
The highest abundances of small copepods were registered in spring and summer, and lowest abundances were observed in winter. The highest abundances of copepods were found in the upper layer (0-25 m), contributing 78%, 67% and 75% of total copepod abundances, in spring, summer and winter, respectively. Paracalanus parvus, Centropages brachiatus, Acartia tonsa, Oithona sp., Oncaea sp. and Corycaeus sp. were the most abundant copepods on all cruise dates, reaching values of 87 AE 5% in spring, 91 AE 3% in summer, and 80 AE 4% in winter (percentages are based on total numeric abundances of the entire copepod community; Table II ).
Predation impact
During winter 2001 we carried out experiments to estimate digestion time of S. enflata at 17 C. From data obtained from a total of nine experiments, we estimated digestion (gut passage) time between 0.9 and 3.5 h, with an average rate of 2.2 AE 1 h. To estimate feeding rate of S. enflata, the guts of 7317 specimens were analyzed and their contents identified (1420 in spring, 5464 in summer and 433 in winter). Mean average values of mean number of prey ingested per chaetognath (NPC) obtained for spring, summer and winter were very similar, corresponding to 0.088, 0.086 and 0.093 prey chaetognath À1 , respectively. When the guts contained prey, usually only one prey was present; exceptionally, in five or six individuals, we observed more than one prey (corresponding to 0.7-0.8% of total individuals with food in the gut). The prey observed in the foregut were used to estimate the percentage of cod-end feeding. Between 1 and 3% of the prey fell into this category.
In spring, inter and intra-specific predation was not observed in any of the samples, but in summer and winter a low percentage of guts contained the remains of other chaetognaths (corresponding to a total of 0.8 and 1.1% of all items found in the gut, for summer and winter, respectively; Table III ). The most frequently identified prey were copepods (81% in spring, 86% in summer and 92% in winter). Species like Oncaea sp. and Microsetella sp. were easy to identify, because they usually displayed a low degree of digestion in the gut, facilitating measurement and classification. Other genera, such as Paracalanus parvus, Centropages brachiatus, Acartia tonsa, Oithona sp. and Corycaeus sp, could, in most cases, only be identified by the mandible blade, due to the advanced stage of digestion. Mean prey size was dependent on the total length of S. enflata (Figure 4) . The regression equations of S. enflata body length (mm, X ) versus copepod prey length (mm, Y ) for the three sampling seasons were: P values were significant in all cases, but presented low correlations (r 2 = 0.13, P < 0.001, n = 74, in spring; r 2 = 0.06, P < 0.001, n = 220, in summer; and r 2 = 0.25, P < 0.001, n = 42, in winter). This provides evidence of the wide range of prey that can be ingested by a certain size range of S. enflata, especially for predators larger than 10 mm. The slope of the curve indicates the trend of larger individuals to consume larger prey. Nevertheless, this tendency did not show differences between the different seasons [F 2,330 = 0.42; P = 0.655 ANCOVA homogeneity of slopes model (Statistica 6.0)], due to the high variance of the ingested prey size. The value of the intercept (Figure 4 ) showed significant differences among the different seasons (F 2,332 = 74.4, P < 0.0001, ANCOVA). In spring, the highest intercept values (525 mm) were observed due to the ingestion of larger prey (Table III) .
The diet of S. enflata was principally comprised of copepods like Paracalanus parvus (22.7%), Centropages brachiatus (13.3%), and Acartia tonsa (12.4%), and copepods smaller than 350 mm (12.9%). In summer the value of the intercept was considerably lower (267 mm), due to the predominance of small copepods, like P. parvus (16%), C. brachiatus (11%), and Oncaea sp. (17%), and copepods smaller than 700 mm (26%). In winter, the main diet of S. enflata was small-sized copepods, mainly cyclopoid copepods (with an intercept value of 57 mm), such as Oithona sp. (24%), Oncaea sp. (28%) and copepods smaller than 300 mm.
During spring, summer and winter, there was no statistical association between the presence of food in the gut and the time of the day for S. enflata, due to the large variability of the data (Tukey multiple comparison test between day and night for each season, P < 0.05). Table II shows the feeding rate estimations for S. enflata, where the highest feeding rates occurred in the 0-50 m stratum, coinciding with the major abundances of this chaetognath and the highest values of NPC. Table IV shows the potential predation impact of S. enflata on the different copepods species and genera, for each season, in the combined 0-50 m strata. Estimates of predation impact were made in these strata because of the major abundances of predators and prey. Below 50 m, prey were less abundant, and furthermore, the hypoxic conditions may affect the predation impact estimates, therefore data from deeper strata should be interpreted with caution. In spring and winter, the predation impact was focused on the cyclopoid copepod community, with the highest impacts centered on Corycaeus sp. In summer the highest predation impacts were on calanoid copepods, particularly on C. brachiatus, with a daily removal of nearly 22% of the standing stock. S. enflata did not show any clear pattern of selectivity throughout the three studied seasons, as shown by the Ivlev selectivity index in Figure 5 . The larger average size class of of S. enflata was observed in spring 2000 (10 AE 2.4 mm) decreasing gradually in summer (8.2 AE 2.5 mm) and winter 2001 (7.6 AE 2.0 mm) due to the presence in the latter two of a greater proportion of small sized individuals (<6 mm) (LSD-test P < 0.0001). The means and standard deviations of the size of S. enflata food containing individuals showed the same structure as the entire populations being in spring 2000 of 10 AE 2.4 mm, in summer 2001 8.7 AE 2.5 mm and in winter 2001 of 8 AE 1.8 mm., indicating that the entire size spectrum (4-18 mm) fed upon copepods (Figure 6 ).
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D I S C U S S I O N Abundance and distribution
The average abundance of S. enflata in the upper 50 m of the water column varied between 19 ind m À3 in summer and 4 ind m À3 in winter. These values are consistent with other studies on the HCS off central Chile (Ulloa et al., 2000) , which report abundances in the range of 1-20 ind m
À3
. In other upwelling areas, estimated abundances in the range of 1-3 and 1-7 ind m À3 have been reported for the Benguela Current System (Duró et al., 1994) and the neritic region of the Agulhas Current (Stone, 1969) , respectively. Other areas where S. enflata has been reported as the dominant chaetognath species include the North Atlantic Ocean, with 13-33 ind m À3 (Baier and Purcell, 1997) , the Indian Ocean, with 17-31 ind m À3 (Øresland, 2000) , the Central Equatorial Pacific, with 6-8 ind m À3 (Terazaki, 1996) , in northwest Mediterranean, with abundances up to 20 ind m À3 (Andrèu, 1979) and off the Santos Coast, Brazil reaching abundances of 34.4 ind m À3 (Almeida Prado, 1968) . Compared with copepods, the chaetognaths were the second dominant group in terms of biomass in almost all seasons, representing 10, 15 and 1% of the total copepod biomass (mg C m À3 ) in spring, summer and winter, respectively. These values are relatively close to those reported by Longhurst (Longhurst, 1985) , who report values near 9.2% for temperate continental shelves.
The physical and chemical characteristics of the coastal waters off northern Chile are highly variable. Krohnitta subtilis 3.8 ± 3.7 0.32 2.5 ± 5.8 0.1 0 0
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During summer and spring cruises, we observed the ESSW located at approximately 40 m depth, making upwelling events less frequent. This promoted the stagnation of the system, except when winds coming from the south blew for a sustained period of time, causing upwelling of the ESSW. In contrast, during the winter cruise the presence of southerly winds promoted upwelling, and we recorded low temperatures and the oxygen minimum within the top 10 m depth. These physical conditions had a direct effect on the distribution and abundance of chaetognaths in the water column. Sagitta enflata was the most abundant species in spring and summer, while, in winter, their abundances were decreased, probably due to the low oxygen concentrations and low food availability. In contrast, S. bierii increased its relative abundance in winter, probably due to its ability to survive under low oxygen concentrations (Bieri, 1959) (Figure 2) , producing a shift in population dominance. Sagitta minima, S. pacifica and K. subtilis presented the same distributions as S. enflata, and were restricted to the water masses above the OMZ. Ulloa et al. (Ulloa et al., 2000) described the distributions of the four chaetognath species above mentioned, listing them as epipelagic off the central Chilean coast. The major oceanographic difference between central and northern Chile is the average depth of the OMZ, which may explain the differences in vertical distributions observed by Ulloa et al. and our study. While they described the upper boundary of the OMZ as occurring at 100 m depth, we found it to vary between 10 and 40 m depth throughout the year. In the case of central Chile, not only the presence of a poor oxygen water could cause an absence of chaetognaths, but also a decrease in abundance of copepod prey.
The two most abundant species of chaetognaths, S. enflata and S. bierii, did not show any clear vertical migration pattern (Figure 2 ). Due to the shallow distribution of S. enflata (above $30 m) and the restricted sampling resolution (25 and 50 m depth strata), if short distance migration did occur, it remained undetected.
Inter and intra-specific predation
It is widely reported that chaetognaths sometimes display inter and intra-specific predation behavior (Feigenbaum, 1979; Pearre, 1982; Øresland, 2000) . In our study, chaetognaths made up to 1.1% of the prey items found in guts of S. enflata. This species has been reported to have one of the highest cannibalism rates recorded, ranging from 1.4 to 44.8% (Pearre, 1976 (Pearre, , 1982 Feigenbaum and Maris, 1984) . In Mejillones Bay, high food availability may moderate cannibalistic behavior. In winter, the low abundance of traditional prey items make cannibalistic behavior more evident. In our study, stations sampled off the continental shelf showed a decrease in small-sized copepod abundance, and an increase in cannibalism (unpublished data). This is consistent with the hypothesis that cannibalism may be an adaptive behavior when food is limited.
Feeding and predation impact on the copepod community
The results from the feeding behavior samples suggest that S. enflata may have a daily feeding rhythm, with The number of prey items counted is shown in parentheses. greatest activity at night ( Figure 7 ). However, due to the high data variability, differences between day and night predation levels were not statistically significant. Higher feeding activity at night has been observed by several authors (Pearre, 1974; Feigenbaum, 1979; Feigenbaum and Maris, 1984; Kimmerer, 1984; Marazzo et al., 1997; Øresland, 2000) . Feeding rate estimates were very low in this study (<1.3 prey ind À1 day À1 ). Øresland (Øresland, 2000) reported total FR for S. enflata between 4.7 and 1.3 prey ind À1 day À1 at 27 C in Zanzibar Channel; Kimmerer (Kimmerer, 1984) and Szyper (Szyper, 1978) reported rates of 10-12, and 7.4 prey ind À1 day À1 at 24 and 26 C, respectively, in Kanahohe Bay (Hawaii); Feigenbaum (Feigenbaum, 1979) ranging from 1.7 to 2.9 prey ind À1 day À1 at 23 C in the Gulf Stream and Terazaki (Terazaki, 1996) reported FR of 0.13 prey ind À1 day À1 at 27.5 C in the central Pacific. Differences between the above mentioned studies and ours are attributable to the relatively low percentage of S. enflata with gut contents in our study (4-18%), compared with those studies (5-37%). A possible explanation for this difference is that chaetognaths had defecated or regurgitated during sampling (Baier and Purcell, 1997) . We observed a large quantity of preserved individuals with an expanded posterior gut containing big absorptive cells. These observations provide evidence of recent defecation (Feigenbaum and Maris, 1984) , and suggest an underestimation of predation impact. The lowest temperature in the sampling area (<17 C) could also affect the feeding rates of S. enflata as temperature has a direct effect on metabolism and, therefore, on ingestion rates (Reeve, 1966) . Feeding rate of S. enflata increased with increasing prey concentrations (Table II) as it has been demonstrated by Drits (Drits, 1981) , however, in this case the lower feeding rates at deeper strata (50-100 m) could also be attributable to the stress produced on S. enflata due to the low oxygen concentrations.
The daily predation impact of chaetognaths on the standing stock of small copepods in the 0-50 strata ranged from 4% in spring to 0.85% in winter. Our results are in agreement with other workers, such as Øresland (Øresland, 2000) , who estimated a predation impact of nearly 1% in the Western Indian Ocean, Froneman et al. in the southern ocean between 0.3 and 1.2% and Falkenhaug (Falkenhaug, 1991) between 0.3 and 1.05% in the Barents Sea.
The daily predation impact at the species level is highly seasonal (Table IV) . In summer, the major impacts were on the calanoid copepod, Centropages brachiatus, with a daily removal of about 21.5% from the standing stock of this species. If we consider that this copepod species has a development time of $30 days (R. Escribano, Concepción, personal communication) the populations of this species could be decreased drastically in a short period of time (assuming that the daily predation impact remains constant). In spring the major predation impacts were observed on Corycaeus sp., when S. enflata removed $33% of the daily standing stock. Acartia tonsa, a species with a development time of $20 days at 15 C (Landry, 1983) , could be affected significantly by S. enflata predation in spring and summer, when the daily removal of the standing stock varied between 11% and 4%, respectively. In winter, due to the major abundance of small cyclopoid copepods, feeding pressure was focused on this group, with a relatively high impact of about 4.8% of the standing stock. Oithona sp. and Oncaea sp. have development times of $20-30 days (Paffenhofer, 1993; Sabatini and Kiørboe, 1994) and the predation impact on these copepods may be almost negligible. Nevertheless, all of these estimates should be interpreted with caution since the impact of predation depends mainly on the relative abundances of a variety of different prey items.
Predation impact is usually referred to in terms of percentage removed from the secondary production (SP) [see (Mironov, 1960) ], unfortunately, data of SP are scarce. The only data available for the Humboldt Current System for small copepod species are for Paracalanus parvus (unpublished data). Predation impact estimates based on P. parvus SP data (0.10-0.14 day À1 ) were clearly higher than those reported in Table IV (based on small copepod standing stock), being in spring 2000 in the range of 18 and 25%, in summer 2001 between 1.6 and 2.3% and in winter 2001 between 0.3 and 0.4%. Thus, S. enflata daily predation impact on P. parvus increased approximately 4-fold when the estimations were based on percentage of SP than on percentage of standing stock. Considering that S. enflata were able to remove a significant fraction of the standing stock (up to 33% per day) of other copepod species (Table IV) , similar estimations based on secondary production should substantially increase their grazing impact on these species. This study demonstrated that S. enflata is an important carnivore above the OMZ in the northern HCS, and a species which plays a pivotal role in zooplankton community structure and trophodynamics of the world ocean.
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